Ferrochelatase (EC 4.99.1.1), the terminal enzyme of the haem biosynthetic pathway, catalyses the chelation of Fe(II) into the protoporphyrin IX ring. The energetics of the binding between murine ferrochelatase and mesoporphyrin were determined using isothermal titration calorimetry, which revealed a stoichiometry of one molecule of mesoporphyrin bound per protein monomer. The binding is strongly exothermic, with a large intrinsic enthalpy ( H =− 97.1 kJ · mol −1 ), and is associated with the uptake of two protons from the buffer. This proton transfer suggests that hydrogen bonding between ferrochelatase and mesoporphyrin is a key factor in the thermodynamics of the binding reaction. Differential scanning calorimetry thermograms indicated a co-operative twostate denaturation process with a single transition temperature of 56
INTRODUCTION
Ferrochelatase (EC 4.99.1.1) catalyses the terminal step of the haem biosynthetic pathway, the insertion of ferrous iron into the protoporphyrin IX ring [1, 2] . Mutations in the mammalian ferrochelatase gene cause erythropoietic protoporphryria, a disorder characterized by a decrease in ferrochelatase activity with accumulation of free protoporphyrin; the subsequent painful photosensitivity is the major clinical manifestation of the disorder [3] . Although ferrochelatases present in a group of Gram-positive bacteria appear to be water-soluble proteins [2] , most of the isolated ferrochelatases are associated with the cytoplasmic membrane of prokaryotes and the mitochondrial inner membrane of non-photosynthetic eukaryotes [1, 2] .
The ferrochelatase molecule has a conserved overall fold, despite the variation in the oligomeric state among different species; Bacillus subtilis ferrochelatase is a monomer [4, 5] , and Saccharomyces cerevisiae [6] and human [7] ferrochelatases are homodimers. The X-ray crystallographic structures of B. subtilis [4, 5] , S. cerevisiae [6] and human [7] ferrochelatases revealed that each molecule contains two similar Rossmann-type domains delimiting the porphyrin-binding cleft. However, there are two major differences among the three structures. The first is centred at the C-terminus of the mammalian enzyme, which is involved in the co-ordination of the [2Fe-2S] cluster and homodimer stabilization [7] . The second is a N-terminal 12-residue loop, which resides at the entrance of the active site [7] and, due to its hydrophobic nature, has been postulated to be involved in membrane association [6] [7] [8] . In fact, [2Fe-2S] clusters have been identified in Schizosaccharomyces pombe [9] , Caulobacter crescentus [10] and animal ferrochelatases [11, 12] , but not in the B. subtilis [4, 5] and S. cerevisiae [6] enzymes, and the N-terminal 12-residue hydrophobic loop is absent in B. subtilis ferrochelatase [4, 5] , which is not a membrane-associated protein.
During the ferrochelatase-catalysed reaction, an out-of-plane distortion of the porphyrin macrocycle facilitates the insertion of the metal ion into the porphyrin ring [1, 2] . This ferrochelataseinduced porphyrin distortion was demonstrated using resonance Raman spectroscopy [13] [14] [15] [16] , and the distortion was responsive to substitutions at the conserved active-site residues His-209 and Glu-289 in murine ferrochelatase [13] . Further, the structure of the N-methyl mesoporphyrin-ferrochelatase complex revealed that the enzyme had forced increased tilting of the pyrrole ring A [5] . Curiously, the substitution of murine ferrochelatase Glu-289 with either glutamine or alanine yielded ferrochelatase variants [E289Q (Glu-289 → Gln) and E289A] with specifically-bound protoporphyrin IX [17] . Despite the significantly decreased catalytic activities of the E289Q and E289A variants, the endogenously bound protoporphyrin could serve as an amenable substrate for Zn 2+ chelation [17] . The ability of the endogenously bound protoporphyrin to function as substrate [17] is consistent with the observed distortion of the porphyrin macrocycle in E289Q and E289A mutants [13] .
In order to assess the effect of porphyrin binding on the thermodynamic stability of ferrochelatase, we used DSC (differential scanning calorimetry) to examine the thermal denaturation of murine wild-type ferrochelatase, E289Q and E289A variants in the absence or presence of the ligand. We found that porphyrin binding increased the thermal stability of ferrochelatase and variants, although the degree of enhancement varied. The thermodynamics of the porphyrin binding were investigated using ITC (isothermal titration calorimetry) to determine the binding stoichiometry, the enthalpy, entropy and free energy associated with the process. The binding of porphyrin to ferrochelatase occurred with a 1:1 stoichiometry and was coupled to a two-proton transfer.
EXPERIMENTAL

Materials
Mesoporphyrin was purchased from Frontier Scientific. All other chemicals were from Sigma or Riedel-de Haën and were of the highest purity available. Blue Sepharose CL-B6 and Superdex 200 chromatography resins were from Amersham Biosciences.
Overproduction and purification of wild-type and mutant ferrochelatase forms
The wild-type murine ferrochelatase, E289Q and E289A variants were expressed under the Escherichia coli alkaline phosphatase promoter phoA [18] , by growing the overproducing bacterial cells for 24 h at 21
• C in Mops medium containing 50 mg/l ampicillin, and were purified as described previously [17, 18] . The purified protein was concentrated in a Diaflo stirred cell with an YM 30 membrane (Millipore) , and subjected to gel-filtration chromatography on a Superdex 200 column (2.6 cm × 45 cm). This gelfiltration step was necessary not only to remove most of the detergent from the Blue Sepharose elution buffer, which contained 1 % sodium cholate [17, 18] , but also to exchange the protein buffer according to the requirements of further experiments. Thus the purified protein was eluted in any of the following three buffers: Bicine buffer (20 mM Bicine, pH 8, 0.5 M NaCl and 10 % glycerol), Tris buffer (20 mM Tris/HCl, pH 8, 0.5 M NaCl and 10 % glycerol) and phosphate buffer (20 mM potassium phosphate, pH 8, 0.5 M NaCl and 10 % glycerol). Then the eluted purified protein was concentrated as described above and kept in liquid nitrogen until further use.
Porphyrin solutions
Porphyrin solutions were prepared following a slightly modified procedure from that previously described [17] . Typically, porphyrin stock solutions (approx. 3 mM) were prepared by dissolving the porphyrin powder (approx. 5 mg) in 2.3 ml of Tween 80 micelle solution (32 mM), keeping the solution in a ultrasonic bath for approx. 20 min, and subsequently diluting it 10-fold in the appropriate buffer. The final concentration of detergent was 3.2 mM, which is well above the critical micelle concentration of Tween 80 (i.e. 12 µM) [19] .
SDS/PAGE, protein concentration determination and enzyme activity assay
Protein purity was estimated by SDS/PAGE [20] and was never less than 95 %. Protein concentrations were determined by the bicinchoninic acid assay using BSA as standard. The enzymic activity was determined using the pyridine haemochromogen assay as described previously [21] .
DSC: data acquisition and analysis
DSC measurements were performed on a MicroCal VP-DSC differential scanning calorimeter (MicroCal Inc.) with cell volumes of 0.517 ml, at temperatures ranging 15-100
• C and scan rates of 0.2, 0.5, 1.0, 1.2 and 1.5
• C/min. Before each run, at least two blank measurements were performed with the respective buffer in both compartments. The last of such runs was used as the baseline for the following measurement, with the protein solution in the sample compartment and the corresponding buffer in the reference compartment. Sample and reference solutions were properly degassed and carefully loaded into the calorimeter to eliminate bubbling effects. Each experiment was performed at least twice. Between experiments, both compartments were cleaned with water, followed by rinses with 0.1 M HCl and 0.1 M NaOH and lastly a thorough rinse with distilled water. Typically, the protein concentration was 15 µM and the experiments were performed in three different buffers: Bicine buffer (20 mM Bicine, pH 8, 0.5 M NaCl and 10 % glycerol), Tris buffer (20 mM Tris/HCl, pH 8, 0.5 M NaCl and 10 % glycerol) and phosphate buffer (20 mM potassium phosphate, pH 8, 0.5 M NaCl and 10 % glycerol). Raw calorimetric data were converted into heat capacity by subtracting the buffer baseline, determined under identical conditions, and dividing by the scan rate and the sample protein concentration. Thereafter the native baseline was subtracted from the original results in order to calculate excess heat capacities. The obtained data were subsequently analysed with the ORIGIN MicroCal software (MicroCal, LLC, Northampton, MA, U.S.A.). In all cases, the model used allowed the calculation of the denaturation temperature, T m , the calorimetric enthalpy, H cal i , and the van't Hoff enthalpy, H vH i . The ratio, r, between the calorimetric enthalpy and the van't Hoff enthalpy was calculated in all cases, in order to assess the validity of the two-state approximation [22, 23] .
ITC
Thermodynamic analysis of the porphyrin binding to ferrochelatase (or the variants E289Q or E289A) was performed using a titration calorimeter comprising a twin heat-conduction calorimeter (ThermoMetric AB, Järfälla, Sweden) with a 1 ml titration cell [24] , a water bath and peripheral units (built at Lund University, Sweden). The system has been described in detail elsewhere [25] . A stirring speed of 70 rev./min was maintained with a gold stirrer [25] and the system was calibrated electrically, with a reproducibility of + − 0.5 %, by means of an insertion heater [26] . Ferrochelatase (15 or 20 µM final concentrations in 0.9 ml of any of the three buffers described above) previously loaded into the calorimetric cell, was titrated with the porphyrin solution by adding aliquots of 6.22-9.54 µl with a modified 500-µl gastight Hamilton syringe. The heats of dilution (of ferrochelatase and porphyrin) were determined in separate experiments. Each experiment consisted of 15-20 consecutive injections, and was repeated at least 3 times. The interval between injections was designed so that the voltage signal could return to the baseline, usually within 13 min. Data acquisition and syringe pump delivery were computer controlled, through the SIGMA software (Sven Hägg, Lund University, Lund, Sweden). The preparation and composition of any of the 3 buffers containing the protein and the porphyrin (i.e. mesoporphyrin) are described above, and the mesoporphyrin concentration was determined spectrophotometrically (i.e. at A 399 ), so that the final mesoporphyrin concentration in the titrating solution was 0.3 mM. All experiments were performed at 298.15 + − 0.01 K. The voltage-time peaks were integrated and the areas converted into the heat exchanged per injection by use of the calibration constant. The heat due to the binding reaction between porphyrin and enzyme was obtained as the difference between the heat of reaction and the corresponding heat of dilution. Thus the corrected heat for each injection can be transformed into the enthalpy of ligand-protein binding, H, given per mol of added titrating agent. The data were analysed using a 1:1 binding stoichiometry. When ligand binding is coupled to a protonation/ deprotonation event the measured enthalpy is buffer-dependent [27, 28] . In order to verify whether porphyrin binding was coupled to a protonation or deprotonation reaction, the ligand-ferrochelatase binding process was studied in different buffers. If the binding reactions were to proceed with proton release or uptake, then the measured overall measured enthalpy will be different in different buffers, due to their different ionization enthalpies. Thus proton linkage contributions to the binding process could be determined by measuring the molar heat of binding in different buffers (i.e. Bicine, Tris and phosphate buffers). Furthermore, not only could the number of protons involved be calculated [see eqn (1) ], but it also could be inferred whether they were released or taken up upon binding [from the sign of the slope of eqn (1)]. From the observed binding enthalpy in each buffer system, H obs , we could therefore calculate the enthalpy change corrected for the ionization enthalpy of the buffer, H o , i.e. the binding enthalpy that would be observed in a buffer with zero ionization enthalpy ( H b i = 0), according to eqn (1) [27, 28] ,
as well as the number of protons (N H + ) released (positive slope) from the buffer upon binding of the ligand to the protein.
RESULTS AND DISCUSSION
DSC thermograms for the thermal denaturation of ferrochelatase: the scanning rate effect and determination of thermodynamic transition parameters
The thermograms for the thermal denaturation of wild-type ferrochelatase in Tris buffer exhibited a single transition temperature, but indicated that the process was irreversible both in the absence or presence of porphyrin, as there was a deep decrease in the heat capacity values starting very soon after the onset of denaturation, and no heat capacity peaks were detected in reheating scans (results not shown). In fact, aggregation was also immediately apparent in the protein samples removed from the calorimetric cells. Denaturation was then studied in Bicine and phosphate buffers. In these two buffer systems, aggregation was apparent only at higher temperatures (much higher than T m ), probably just slightly distorting the high temperature side of the calorimetric curve. The major goal of the DSC experiments was to measure the thermodynamic parameters associated with the temperature-induced denaturation of ferrochelatase, in the absence or presence of ligand. However, with irreversible processes, the analysis of DSC thermograms may be hindered, as irreversible denaturation of proteins is a kinetic process, and thus not amenable to treatment by equilibrium thermodynamics [29, 30] . Nevertheless, in some cases the analysis of the effect of the scanning rate on the DSC transitions validates the equilibrium thermodynamics analysis of irreversible DSC measurements [31, 32] , and makes possible a thermodynamic study of the protein's denaturation process. Briefly, theoretical analyses of irreversible DSC measurements based on the model of Lumry and Eyring [33] and further described in [34] [35] [36] , which assumes that reversible unfolding of a protein is followed by a rate-limiting irreversible step, indicate that, at high scanning rates, kinetic distortions of DSC transitions due to irreversible processes must become negligible [31] , thus allowing a full equilibrium treatment of the reversible denaturation step. In this light, we examined the effect of the heating scanning rate on the transition temperature for the thermal denaturation of ferrochelatase in Bicine buffer (Figure 1) .
Although the temperature associated with the maximum C p increases with the increase in the scanning rate (i.e. 49.8
• C for 0.2 • C/min and 50.5
• C for 0.5 • C/min), the transition temperature approached a plateau with increasing heating rates. The observed initial increase associated with the lower scanning rates could not be accounted for by the time constant of the instrument. In fact, for the 1.0-1.5
• C/min range, the transition temperature, T m , remained practically constant, with a value of 56.5 + − 0.5 Figure 1A) . The small temperature variation is not significant if we consider both the 'within sample' uncertainty in transition temperatures (+ − 0.5
• C) and the instrumental response time. Therefore, the transition temperature was considered to be independent of the scanning rate for the 1.0-1.5
• C/min range ( Figure 1A, inset) , which allowed us to analyse the thermal denaturation of ferrochelatase by equilibrium thermodynamics. Our fitting of the DSC data covered a limited temperature range (from 40
• C up to a few degrees above the temperature of maximum heat capacity), since the high temperature side of the denaturation curve can be slightly distorted due to protein aggregation. We used the option 'non-two-state' in the ORIGIN MicroCal software, in order to get the calorimetric and van't Hoff enthalpies (one example of the obtained fit can be seen in Figure 1B ). The thermodynamic parameters of the transition in two different buffers (bicine and phosphate) are summarized in Table 1 [37] . The similarity in the T m values for ferrochelatase and haemopexin is curious, and one is tempted to speculate that it might be inherent to the haem-binding pocket, as both proteins bind haem, although clearly with different affinities. However, there is not an obvious common protein fold between haemopexin and ferrochelatase and the similarity between the T m values might just be coincidental.
DSC thermograms for the thermal denaturation of E289Q and E289A
Binding of mesoporphyrin to ferrochelatase (1:1 molar ratio) results in an enhanced stability of the protein, which is reflected in a shift of T m from 56.0
• C to 58.3
• C (Table 2) . Similarly, the mutation of Glu-289 with glutamine caused an increase in protein stability (T m = 61.0
• C, Table 2 ). Previously, E289Q was demonstrated to be purified with endogenous protoporphyrin [17] , specifically bound in the active site [13] . Conceivably, the substitution of the carboxylate side-chain of Glu-289 with the carboxamide side-chain of glutamine stabilized the binding of the endogenously-bound porphyrin to a greater extent in E289Q than in the wild-type ferrochelatase-mesoporphyrin complex, and, in so doing, contributed to the stabilization of the variant as a whole. Increased transition temperatures and thermal stabilities upon binding of ligands to proteins have been previously observed [37] [38] [39] . Indeed, the binding of haem to apo-haemopexin caused a 12.5
• C increase in the T m of haem-haemopexin in relation to that of the apo-protein, which correlated with an increase in the molar enthalpy [37] .
In contrast to the co-operativity for the thermal denaturation of wild-type ferrochelatase, both E289Q and E289A variants exhibited r values (for the ratio between the calorimetric and the van't Hoff enthalpies) much greater than 1, namely 3 for E289Q and 5 for E289A (Table 2) . These values reflect a non-co-operative denaturation, i.e. the defined co-operative unit is smaller than the protein [23] and the denaturation proceeds with significantly co-operativity of the transition, as very small changes in structure can result in significant changes in thermodynamic parameters [40, 41] . Carra et al. [41] reported that mutagenesis of residues involved in maintaining electrostatic interactions between the two subdomains defining the active site of Staphylococcal nuclease resulted in decreased co-operativity of the structure of the protein and a three-state mechanism model (instead of a two-state) to best describe the folding energetics [41] . Further, for the E289A variant, the stabilizing effect provided with porphyrin binding, as shown in the wild-type ferrochelatase-porphyrin complex, can be opposed by the destabilizing effect of the point mutation (Table 1) . Perhaps, the stabilizing effect of the endogenouslybound porphyrin is not sufficiently large to compensate for the destabilization induced by the substitution of the charged glutamate residue with the smaller, non-polar alanine residue.
Thermodynamic parameters of porphyrin binding to ferrochelatase
The thermodynamics of mesoporphyrin binding to ferrochelatase was investigated by ITC ( Figure 2) . Initially, experimental conditions were thoroughly scrutinized, given the poor solubility of porphyrin in aqueous solutions which implied the use of a detergent to stabilize the porphyrin in an aqueous milieu. In addition, ferrochelatase had to be maintained in a glycerol-containing buffer. Essentially, a series of prerequisites had to be fulfilled in order to examine the binding thermodynamics of a somewhat hydrophobic ligand (porphyrin) to a protein with membraneassociated properties (murine ferrochelatase). To avoid the interference of the heat of formation of detergent micelles, care was taken during the ITC experiments that the detergent (Tween 80) concentration was guaranteed to be above its critical micelle concentration. To ascertain that these requirements were met, several factors were tested and conclusions drawn. (i) In separate dilution experiments, the concentrated Tween 80 solution was titrated into the buffer, demonstrating a negligible heat effect and confirming that under our experimental conditions the micelles were only diluted and did not dissociate.
(ii) Mesoporphyrin was stable as encapsulated in the micelles and no precipitate was ever found after titrations were completed, thus leading us to assume that mesoporphyrin only exchanged between the micelles and ferrochelatase. (iii) Although glycerol has a high exothermic heat of dilution in water [25] , it exhibited an endothermic heat of dilution in 20 mM Tris, pH 8 (results not shown); thus to avoid potential calorimetric effects due to the differences in glycerol concentration in the buffers containing ferrochelatase and mesoporphyrin, both the ferrochelatase-containing solution added to the calorimetric cell and the mesoporphyrin solution used as titrating agent were prepared to contain the same glycerol concentration (i.e. 10 %). (iv) Titration of buffer into the ferrochelatase-containing solution indicated that the heat of dilution of ferrochelatase was also negligible in the adopted experimental setup.
The study was performed in the three buffer systems mentioned above: Tris, phosphate and Bicine. The calorimetric determination of K D for the binding of mesoporphyrin to ferrochelatase was not feasible due to too tight binding (K D = 5 µM) [13] and therefore only the binding enthalpy could be obtained from the calorimetric experiments [42] . Figure 2(A) illustrates the heat evolved (integral heats) upon titration of wild-type ferrochelatase with mesoporphyrin in Bicine buffer. A binding stoichiometry of 1:1 for ferrochelatase-mesoporphyrin was obtained regardless of which of the three buffers titrations were performed.
In addition, a protonation/deprotonation event appears to be coupled to the binding of porphyrin to ferrochelatase, and thus the observed enthalpy change ( H obs ) depends also on the enthalpy change associated with the ionization of the buffer (eqn 1). From the plot of the observed enthalpy change as a function of the values reported in the literature for the ionization enthalpy of the respective buffers [44] , it could be inferred that the binding of mesoporphyrin to ferrochelatase is accompanied by the release of two protons from the buffer ( Figure 2B ). The binding of mesoporphyrin to ferrochelatase is an exothermic process, with a binding enthalpy of − 97.1 kJ · mol −1 at 298.15 K ( H o , calculated according to eqn 1). This value is greater than those reported for the binding enthalpy of small inhibitor molecules to proteins with a similar binding constant to that of mesoporphyrin to ferrochelatase [43] .
From the corrected binding enthalpy (− 97.1 kJ · mol −1 ) and assuming a binding constant of K a = 2 × 10 5 M −1 (based on a dissociation constant, K D , of 5.0 µM [13] ), the change in Gibbs energy for the binding reaction was calculated as G • = − 30.2 kJ · mol −1 at T = 298.15 K and the entropic contribution as T S • = − 66.9 kJ · mol −1 , indicating that the binding of mesoporphyrin to ferrochelatase proceeds with a decrease in entropy. This unfavourable entropy change is nevertheless insufficient to prevail over the highly exothermic enthalpy, resulting in an overall favourable binding reaction (
. A decrease in entropy is, in principle, to be expected for a simple binding reaction. However, in many cases of binding of ligands to proteins the opposite is observed. This fact has been interpreted to be due to the hydrophobic effect as a major driving force in The conserved Glu-264 (Glu-289 in murine ferrochelatase) and the bound porphyrin are highlighted. The image of the porphyrin-ferrochelatase complex (accession code 1C1H from the Protein DataBank) was generated using RasMol 2.7.2.1.
the stabilization of the protein-ligand complexes, since a part of the protein hydrophobic surface is buried upon binding [45, 46] . It is important to emphasize the complexity of the system being studied, and caution prevents us from making an interpretation solely in terms of entropy changes. First, we assumed that the ligand (mesoporphyrin), which is hydrophobic and was encapsulated in micelles, was always transferred from the micelles to the protein-binding site; therefore the hydrophobic contribution to the binding process should not be apparent under our experimental set-up. Secondly, the binding seemed to occur with the uptake of two protons, which possibly could also contribute to an entropy decrease. Thus, although we refrain from a further interpretation for the observed entropy decrease, we would like to stress that the observed proton linkage with the binding of mesoporphyrin to wild-type ferrochelatase suggests that hydrogen bonding is an important factor in the definition of the free energy of the binding reaction.
The stabilization conferred on the E289 variants by the specifically bound protoporphyrin (Table 2) is consistent with an impaired catalytic activity of the variants. Both Glu-289 variants are known to be less active than wild-type ferrochelatase, i.e. under turnover conditions, both possess activities in the order of 1 % of that of the wild-type enzyme and both can convert the bound porphyrin to Zn-porphyrin, but are incapable of product release [17] . This impairment in enzymic activity correlates with the fact that if the porphyrin substrate is in a more stable environment, as in the case of the E289 variants, then the activation energy barrier to reach the transition state is greater and the conversion to product is less favoured. In Figure 3 , the three-dimensional structure of B. subtilis ferrochelatase co-crystallized with N-methylmesoporphyrin exhibits the distortion brought on the ring A of the porphyrin macrocycle. The distortion present is of the saddled-ruffled type, the same type of distortion that the porphyrin substrate is thought to undergo during the ferrochelatase catalytic cycle [5, 13, 16] . Significantly, the side-chain oxygen atoms of Glu-264 (B. subtilis numbering, which corresponds to murine ferrochelatase Glu-289) are at a distance of approx. 4 Å from the tetrapyrrole ring A, which implies a close interaction between the porphyrin substrate and this active-site residue. Thus it is not surprising that its replacement would affect the stability and thermodynamics of porphyrin binding and consequently the catalytic process. Studies are underway to elucidate the role of conserved putative porphyrin binding residues on the thermodynamic stability of mammalian ferrochelatase.
